word count: 240 19 Main text word count: 3866 20 21 22 ABSTRACT 23 In 2006, an emerging highly pathogenic porcine reproductive and respiratory syndrome virus (PRRSV), 24 which causes continuous high fever and a high proportion of deaths in vaccinated pigs of all ages, 25 broke out in mainland China and spread rapidly to neighboring countries. To examine the epidemiology 101 agarose gel, and visualized under UV light. 102 Nucleotide sequencing and sequence analysis. One or two positive samples of PRRSV from each 103 farm were chosen to re-amplify the ORF5 gene and the longer Nsp2 gene for sequence analysis. For 104 sequencing, the PCR products were purified using QIAquick gel extraction kit (QIAquick) and cloned 105 into pMD18-T vector (TaKaRa). For each amplified gene region, three clones from each of three 106 on July 8, 2017 by guest
showed that the percent of PRRSV-positive specimens collected from sick pigs averaged 60.85% in the 30 past 5 years, and that the highly pathogenic PRRSV has become the dominant strain in China.
31
Furthermore, a re-emerging strain which apparently evolved from the highly pathogenic PRRSV in 32 2006 appeared to be widely prevalent in China from 2009 onwards. Sequence analyses revealed that 33 the hypervariable region of Nsp2 in most of the isolates contained a discontinuous deletion equivalent 34 to 30 amino acids, along with other types of deletions. Extensive amino acid substitutions in the GP5 35 sequence translated from ORF5 were found, particularly in the potential neutralization epitope and the 36 N-glycosylation sites. Our results suggest that Chinese PRRSV has undergone rapid evolution and can 37 circumvent immune responses induced by currently used vaccines. Information from this study will 38 help understand the evolutionary characteristics of Chinese PRRSV and assist ongoing efforts to 39 develop and use PRRSV vaccines in the future. (18, 23, 40) . The etiologic agent, 45 PRRS virus (PRRSV), is a small, enveloped virus with a positive-sense, single-stranded RNA genome 46 approximately 15 kb long (36) . Nine open reading frames (ORFs) have been identified in the PRRSV genome. ORF1a and ORF1b are located downstream of the 5' untranslated region (UTR) and encode 48 the viral non-structural proteins (Nsps): Nsp1α, Nsp1β, 30, 31) . ORF2a, ORF2b, and 49 ORF3-7 are located at the 3' end of the genome and encode the viral structural proteins GP2, E, GP3, 50 GP4, GP5, M, and N, respectively (35) .
51
Historically, PRRSV was classified into two major genotypes represented by the North American 52 prototype VR-2332 and the European prototype Lelystad virus (LV). The two genotypes exhibit 53 distinct genetic variations, with approximately 60% nucleotide identity at the genome level (28).
54
Furthermore, strains within each genotype vary considerably, particularly in the Nsp2 and ORF5 genes, 55 with sequence differences as high as 20% (16, 25, 28) . Thus, ORF5 and Nsp2 have become the regions 56 of choice for monitoring the evolution of PRRSV and for molecular epidemiology research on PRRSV 57 (7, 26, 34) .
58
In China, PRRS was first reported in 1995 and was encountered in almost all provinces. Since then, 59 PRRS has become one of the most important swine diseases. In May 2006, a so-called porcine high 60 fever syndrome caused by a highly pathogenic PRRS virus (HP-PRRSV) broke out in the south of 61 China and rapidly spread throughout the country, affecting more than 20 million pigs (22, 38) . Unlike 62 on July 8, 2017 by guest http://jcm.asm.org/ Downloaded from 4 previous PRRS, this disease was characterized by high and continuous fever, anorexia, red 63 discolorations in the body, and blue ears. The morbidity rate was 50-100% and mortality rate was 64 20-100%. Genomic analyses have shown that HP-PRRSV differs significantly from any other previous 65 isolates (termed classic PRRSV hereafter) (22, 38) . In 2009, porcine high fever syndrome re-emerged 66 in the central region of China, resulting in increased economic losses to the pork industry.
67
In this study, we investigated the epidemiology of PRRSV from 2006 to 2010 in mainland China, 68 and analyzed the evolutionary characteristics of Chinese PRRSV based on the sequences of Nsp2 and 69 ORF5. Our data clearly showed that the percent of PRRSV-positive specimens collected from sick pigs 70 is high and that this virus is evolving quickly in China. Furthermore, it is possible that some variants 71 have acquired the potential to circumvent immune responses induced by currently used vaccines. 
72

73
MATERIALS AND METHODS
108
Sequence data were assembled and analyzed using the software Lasergene (DNAstar) and 109 DNAMAN. Multiple sequence alignments were done using ClustalW (37). The phylogenetic tree was 110 constructed by using the neighbor-joining method with MEGA 4 (37). The robustness of the 111 neighbor-joining tree was estimated by bootstrap analysis with 1000 replicates.
112
Nucleotide sequence accession numbers. The nucleotide sequences of the PRRSV reported in this 113 paper were submitted to GenBank: for Nsp2 genes the GenBank IDs are HQ832259 to HQ832411 and 114 for the ORF5 genes the GenBank IDs are FJ870109 to FJ870124, HQ832099 to HQ832258, EU371943 115 to EU371955, EU399822 to EU399870, EU187484 and EU262603. Supplementary Table 1 ) was amplified, cloned and sequenced. Sequence analysis 138 showed that all 153 Nsp2 genes of the PRRSV isolates shared 89.5-99.5% sequence identity with 139 VR-2332, indicating that these isolates belonged to the North American genotype.
140
By comparing the translated Nsp2 amino acid sequences of the 153 PRRSV isolates, we found that 141 the JXHS strain (isolated in 2006) was the most closely related to the RespPRRS vaccine and its parent 142 VR-2332. Extensive mutations were observed in the Nsp2 gene (the representative alignment in Fig. 1 143 and the detailed alignment in Supplementary Fig. 2 ), but there were no recurring mutations or 144 substitutions. Notably, three different types of deletions were seen in the Nsp2 sequences ( Fig. 1 Supplementary Fig. 3 ). Residues 13 and 151 of GP5 are believed to be associated with the virulence of 179 PRRSV (1, 41) . It has been shown that R 13 and R 151 are altered to Q 13 and G 151 , when VR-2332 is 180 attenuated to the RespPRRS/Repro vaccine strain (1). In subgroup 1, all the isolates had residues Q 13 181 and G 151 and were identical to the attenuated RespPRRS/Repro vaccine strain. In addition, residue A 137 , 182 which was assumed to differentiate the vaccine strains (41), was present in all isolates of subgroup 1.
183
Nearly all isolates in subgroups 2, 3 and 4 had both the R 13 and R 151 residues, except, in subgroup 4, 184 two isolates had a G 13 residue and five isolates had a K 151 residue. In addition, the A137S mutation was 185 present in all isolates of subgroups 2, 3 and 4, except for four isolates in subgroup 4 that exhibited a 186 novel A137F substitution that has not been reported in previous studies.
187
High variability in the primary neutralizing epitope (PNE, aa 37-44) of GP5 has been reported in a 188 previous study (29) . Compared with the attenuated RespPRRS/Repro vaccine strain, no mutation could 189 be found in the PNE of isolates within subgroup 1, but an L39F amino acid mutation was observed 190 within subgroup 2. Interestingly, all isolates within subgroups 3 and 4 had a L39I mutation ( Fig. 4 and 191 Supplementary Fig. 3 ). In addition, the mutations at S 37 (S37F) and L 41 (L41S) were found in the few 
198
Hypervariability of potential N-glycosylation sites (identified by the sequence NXS/T, where X is 199 any amino acid except proline) was also observed in the 249 GP5 sequences ( Supplementary Fig. 3 ).
200
The potential N-glycosylation sites at amino acid positions 44 and 51 were mostly conserved within the 201 four subgroups, except at residue 44 of isolate SNYX4 and at residues 51 of isolates HEBX6 and 202 HUBZL432. In contrast, the potential N-glycosylation sites between positions 30 and 35 varied. The 203 potential N-glycosylation site was at position 32 in 4 isolates and at position 33 in 1 of the isolates in 204 subgroup 2. In subgroups 3 and 4, there were potential N-glycosylation sites at positions 30, 33, 34 and 205 35 simultaneously (Table 2) . Thus, different numbers of potential N-glycosylation sites were detected 206 in the different isolates of GP5 (Table 3) 224 Interestingly, in 2006, 56.31% (165/293) of the infections were of the highly pathogenic PRRSV and 225 7.85% (23/293) were the classic PRRSV (Table 1) . From 2007 to 2010, however, no classic PRRSV 226 was detected in any of the samples we received, suggesting that the highly pathogenic PRRSV is now 227 the dominant PRRSV in China.
228
PRRSV undergoes remarkable genetic alterations. The Nsp2 gene has the highest genetic diversity 229 in the genome of PRRSV (2, 28). It is, therefore, one of the main targets used to monitor PRRSV 230 evolution (26). Furthermore, the Nsp2-coding region is crucial for viral replication and modulation of 231 host immunity because of its protease activity (2, 8, 14, 42) . Natural insertions and/or deletions are 232 routinely observed in the hypervariable middle region of the Nsp2 protein in field strains, resulting in 233 polymorphisms of considerable size (17, 32). Among the 153 Nsp2 sequences that we examined, we 234 found three different deletions. However, most of the isolates contain a discontinuous deletion of 1 and 
244
Interestingly, a similar deletion in Nsp2 was observed in isolates from Guizhou province in 2007 245 (GenBank IDs: EU140613, EU140614 and EU140618), implying that these isolates may have been 246 prevalent in pigs in China. However, it is possible that these isolates were never widespread because 247 the large deletions may affect the ability of the virus to survive (13). In addition to the deletions 248 mentioned above, other types of deletions, 12 amino acids, 68 amino acids, 65 amino acids, 51 amino 249 acids and 131 amino acids, have been observed in other isolates in previous studies (15, 17, 20, 30, 45) .
250
It is interesting that the deletions in the viral genome of field PRRSV isolates mostly occur in the Nsp2 251 region. Further study should be done to elucidate the putative mechanism for the observed frequent 252 deletion in Nsp2.
253
In addition to studying mutations and deletions in Nsp2, the genetic diversity of GP5 has received 254 much attention because GP5 is the most important immunogenic protein and contains the primary 255 neutralization epitope of PRRSV (6, 9, 21) . Furthermore, GP5 is one of the most genetically variable 256 structural proteins of PRRSV. Thus, GP5 has also been a target for analysis of the genetic diversity of 257 PRRSV (4, 10, 11, 24) . Our study demonstrated that all 249 Chinese PRRSV isolates belonged to the 258 North American genotype and could be further divided into four subgroups based on the amino acid 259 sequences of GP5. From our analysis of residues 13 and 151 of GP5, we concluded that the subgroup 1 260 on July 8, 2017 by guest http://jcm.asm.org/ Downloaded from 13 isolates are probably related to the extensive use of the attenuated modified live PRRS vaccine (MLV).
261
Some isolates may have reverted to a pathogenic phenotype, as described in previous studies (4, 9) .
262
The subgroup 2 and 3 isolates are most closely related to the classic PRRSV and may be the source of (Table 3) . Additional N-glycosylation sites may lead to an increase in the number 278 of the N-linked glycans, providing a barrier to antibody evasion which, in this case, does not affect the 279 ability of the virus to bind to cellular receptors in the host (12). The evolving glycan shield, therefore, 280 presents a possible mechanism for viral persistence despite an increasing antibody repertoire (21, 39).
281
A previous study has shown that when the N-glycosylation sites of GP5 are abolished, both the 282 on July 8, 2017 by guest http://jcm.asm.org/ Downloaded from 14 sensitivity of the mutant virus to in vitro neutralization and the immunogenicity of the nearby 283 neutralization epitope are enhanced (6). The increasing number of N-glycosylation sites in GP5, 284 therefore, further supports our hypothesis that field isolates appear to possess the capability to escape 285 the neutralization antibodies induced by current vaccines.
286
Israrul et al. demonstrated that mutations of residue N44 resulted in progeny that was noninfectious 287 (5), indicating that N44 is the most critical amino acid residue for PRRSV infectivity. However, we 288 found a mutation in the N44 glycosylation site (N44K) in PRRSV SNYX4 isolated in 2010. A similar 289 mutation has been observed in a previous study (9). The mutation of N51 that we found in HUBZL432 
300
Thus, pig transport should be prohibited during a PRRSV outbreak. In addition, we found many 301 isolates similar to AHAQ8 (2009) in more and more provinces in China in 2010 and these formed the 
305
Heterogeneity is considered to be a major obstacle for the effective prevention and control of PRRS 306 (25, 27) . Chinese PRRSV has undergone rapid evolution in recent years. The high degree of genetic 307 and antigenic diversity among field isolates that we observed underlines the complexity of the control 308 and eradication of the disease in China. An understanding of all these factors will be crucial in planning 309 the development and use of vaccines against PRRSV in the future. 
